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United Kingdom and MAPK itself regulating the others by sequential
phosphorylation (Chang and Karin, 2001; Schaeffer and
Weber, 1999). The activated MAPKs phosphorylate ap-
propriate substrates, including other protein kinasesSummary
and transcription factors, to achieve the appropriate
responses to extracellular simulation (Chang and Karin,Previous work has shown that guidance cues trigger
rapid changes in protein dynamics in retinal growth 2001; Schaeffer and Weber, 1999). The MAPK family
cones: netrin-1 stimulates both protein synthesis and comprises at least three distinct signaling cascades: the
degradation, while Sema3A elicits synthesis, and LPA p42/p44 MAPK (extracellular signal-regulated kinase,
induces degradation. What signaling pathways are in- ERK-1/2) cascade, which preferentially regulates cell
volved? Our studies confirm that p42/44 MAPK mediates growth and differentiation, and the p38 and c-Jun
netrin-1 responses and further show that inhibiting its N-terminal kinase/stress-activated protein kinase (JNK/
activity blocks cue-induced protein synthesis. Unex- SAPK) cascades, both of which function mainly in stress
pectedly, p38 MAPK is also activated by netrin-1 in responses such as apoptosis and inflammation (Chang
retinal growth cones and is required for chemotropic and Karin, 2001).
responses and translation. Sema3A- and LPA-induced MAPK family members are highly expressed in the
responses, by contrast, require a single MAPK, p42/ central nervous system and are involved in regulating
p44 and p38, respectively. In addition, we report that neuronal processes such as responses to growth fac-
caspase-3, an apoptotic protease, is rapidly activated tors, long-term potentiation (LTP), a form of synaptic
by netrin-1 and LPA in a proteasome- and p38-depen- plasticity (Adams and Sweatt, 2002), and apoptosis (Xia
dent manner and is required for chemotropic responses. et al., 1995). In the developing nervous system, MAPKs
These findings suggest that the apoptotic pathway have been identified as playing roles downstream of
may be used locally to control protein levels in growth receptor tyrosine kinase receptors in cell differentiation,
cones and that the differential activation of MAPK for example, in photoreceptor differentiation in the Dro-
pathways may underlie cue-directed migration. sophila eye (Biggs et al., 1994). p42/p44 regulates neu-
rite outgrowth (Perron and Bixby, 1999), and recently
Introduction it has been demonstrated that the p42/p44 pathway
mediates netrin-1-induced neurite outgrowth, growth
Growth cones navigate to their targets in the developing cone turning, and growth cone resensitization to both
brain using a series of molecular cues along their path- netrin-1 and BDNF (Forcet et al., 2002; Ming et al., 2002).
way (Tessier-Lavigne and Goodman, 1996). Growth MAPK pathways are involved in mediating chemotaxis
cones often travel long distances and can make guid- in leukocytes (Cara et al., 2001) and can regulate protein
ance decisions locally both in vivo (Harris et al., 1987) synthesis (Gingras et al., 1999). Recent studies provide
and in vitro (Campbell and Holt, 2001; Ming et al., 2002). a role for local protein synthesis (Campbell and Holt,
The cell surface receptors for many guidance cues have 2001) and MAPK involvement in growth cone guidance
recently been identified, but the intracellular signaling (Forcet et al., 2002; Ming et al., 2002), prompting us
pathways triggered during a growth cone’s response to to ask whether the MAPK pathways are activated in
chemotropic cues remain to be fully characterized. We response to guidance cues and if their role in growth
have recently shown that the chemotropic cues netrin-1, cones could be via the regulation of protein synthesis.
semaphorin3A (Sema3A), and lysophosphatidic acid We find that netrin-1 and, additionally, Sema3A both
(LPA) stimulate rapid changes in protein dynamics by activate p42/p44 in retinal growth cones. Inhibition of
activating protein synthesis and/or degradation locally p42/p44 blocks netrin-1- and Sema3A-induced protein
in the growth cone and that these pathways can mediate synthesis, as well as attractive and repulsive chemo-
chemotropic responses in vitro (Campbell and Holt,
tropic responses in isolated growth cones. Netrin-1 and
2001).
LPA both activate the p38 pathway. Furthermore, net-
Mitogen-activated protein kinases (MAPKs) are evolu-
rin-1- and LPA-induced chemotropic responses require
tionarily conserved enzymes linking cell-surface recep-
p38. These data provide evidence that p38 functions intors to regulatory targets within cells. MAPK is a proto-
growth cone guidance. As a first step to the identification
of downstream targets of netrin-1- and LPA-induced
*Correspondence: campbell@neuro.utah.edu (D.S.C.), ceh@mole. p38 activation in retinal growth cones, we have identified
bio.cam.ac.uk or (C.E.H.)
protein synthesis and caspase-3 as potential targets of1Present address: Department of Neurobiology and Anatomy, Uni-
p38 signaling, suggesting a novel role for caspases inversity of Utah Medical Center, 20 North 1900 East, Salt Lake City,
Utah 84132. growth cone guidance.
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Figure 1. Netrin-1, Sema3A, and LPA Differentially Activate the p42/p44 and p38 Pathways in Retinal Growth Cones
Netrin-1 and Sema3A induce rapid phosphorylation (5 min) of p42/p44 (p42/p44-P) in retinal growth cones compared to LPA and unstimulated
growth cones (A–F). Total levels of p42/p44 (p42/p44-Total) are unaffected by netrin-1, Sema3A, LPA, or control treatment (G–K). Netrin-1
and LPA induce rapid phosphorylation of p38 (p38-P) compared to unstimulated growth cones (L–Q). Total levels of p38 (p38-Total) are
unaffected by netrin-1, Sema3A, LPA, or control treatment (R–W). Vertical axes in (F), (K), (Q), and (W) represent fluorescence intensity of
treated growth cones as a percentage of untreated growth cones. The labeling observed in growth cones with the antibodies was blocked
by their respective peptides or phosphopeptides (C, N, and T). Isolated growth cones in an example experiment incorporate low levels of
TCA-precipitated 3 H-leucine in the absence of stimulation (counts per minute [CPM]), which increase 3- to 4-fold in the presence of netrin-1
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Table 1. MAPK Inhibitors Differentially Affect Netrin-1- and Sema3A-Induced Phosphorylation of Translational Regulators
None PD U0 SB
eIF-4EBP1-P
Netrin-1 213  15** 87  19 99  7 160  16*
Sema3A 176  36* 87  9 108  17 232  45**
eIF-4E-P
Netrin-1 263  68* 75  14 72  8 97  19
Sema3A 240  63* 71  15 71  12 208  48*
Mnk-1-P
Netrin-1 200  14** 72  18 97  24 110  15
Sema3A 169  14** 82  11 95  1 199  21**
Values are presented as mean fluorescence intensity of netrin-1- and Sema3A-treated growth cones as a percentage of untreated growth
cones  standard error of the mean. *p  0.05, **p  0.01 compared to unstimulated controls; Student’s t test.
Results sponses (Campbell and Holt, 2001). Since both the p42/
p44 and p38 signaling pathways can regulate translation
(Gingras et al., 1999), we asked whether netrin-1- andRapid and Differential Activation of p42/p44
and p38 Elicited by Netrin-1, Sema3A, Sema3A-induced protein synthesis requires MAPK acti-
vation. Protein synthesis was measured directly by add-and LPA in Growth Cones
To determine whether MAPK signaling pathways could ing 3 H-leucine to somaless cultures, immediately prior
to adding netrin-1, Sema3A, or LPA. The proteins wereplay a role in chemotropic responses of growth cones,
we first examined whether netrin-1, Sema3A, and LPA then precipitated after 10 min by trichloroacetic acid
(TCA), followed by scintillation counting (Campbell andcould activate the p42/p44 and p38 or the JNK/SAPK
in Xenopus retinal growth cones. Using antibodies that Holt, 2001). Netrin-1 and Sema3A treatment led to a
3- to 4-fold increase in TCA-precipitated 3 H-leucine.specifically recognize the active phosphorylated forms
of these enzymes together with digital quantitation of This increase was blocked by the p42/p44 inhibitors
PD98059 (Dudley et al., 1995) and U0126 (DeSilva etimmunofluorescence, we found that the guidance cues
netrin-1 and Sema3A but not LPA stimulated approxi- al., 1998) (Figures 1X and 1Y). Netrin-1-induced protein
synthesis was also blocked by the p38 inhibitormately a 2-fold increase in active p42/p44 in growth
cones in 5 min (p42/p44-P, Figures 1A–1F). In addition, SB203580 (Cuenda et al., 1995), whereas Sema3A-
induced protein synthesis was unaffected (Figures 1Xnetrin-1 and LPA but not Sema3A treatment resulted in
a similar 2-fold increase in mean fluorescence intensity and 1Y). Thus, netrin-1- and Sema3A-induced protein
synthesis requires p42/p44 activity, and netrin-1- but notof active p38 MAPK in growth cones (p38-P, Figures
1L–1Q). Neither netrin-1, Sema3A, nor LPA led to an Sema3A-induced protein synthesis also requires p38
activity.increase in active JNK/SAPK in growth cones (data not
shown), nor did they affect total levels of p42/p44 (p42/
p44-Total, Figures 1G–1K), p38 (p38-Total, Figures 1R– MAPK Inhibitors Differentially Affect Guidance
Cue-Induced Phosphorylation of Translational1W), or JNK/SAPK (data not shown). To test the specific-
ity of the antibodies, the rise in immunofluorescence Regulators eIF-4EBP1, eIF-4E, and Mnk-1
Previously, we have shown that netrin-1 and Sema3Aobserved in response to netrin-1, Sema3A, or LPA and
the labeling of total MAPKs in growth cones were both stimulate the rapid phosphorylation of the eukaryotic
initiation factor 4E (eIF-4E) and its repressor bindingblocked by preincubation of the antibodies with their
respective peptides/phosphopeptides (Figures 1C, 1N, protein eIF-4EBP1 in retinal growth cones (Campbell
and Holt, 2001). p42/p44 and p38 are known to regulateand 1T). These results show that within 5 min of addition
to retinal cultures, netrin-1 activates both p42/p44 and the phosphorylation and activity of these translational
regulators (Gingras et al., 1999; Herbert et al., 2002),p38, whereas Sema3A activates p42/p44, and LPA acti-
vates p38 in growth cones. and eIF-4E and eIF-4EBP1 both converge on the eIF-
4E kinase Mnk-1 to regulate the initiation of translation
(Pyronnet et al., 1999; Waskiewicz et al., 1999). We askedMAPK Inhibition Prevents Netrin-1-
and Sema3A-Induced Protein Synthesis whether the regulation of translation in growth cones
by guidance cues was via MAPK regulation of phosphor-in Isolated Growth Cones
We have previously shown that netrin-1 and Sema3A ylation of eIF-4E, eIF-4EBP1, and Mnk-1. Using phos-
phorylation state-specific antibodies against eIF-4E,induce rapid protein synthesis in isolated retinal growth
cones and that when protein synthesis is blocked, retinal eIF-4EBP1, and Mnk-1, the p42/p44 inhibitors PD98059
and U0126 were found to block netrin-1- and Sema3A-growth cones fail to undergo collapse and turning re-
and is inhibited by the p42/p44 inhibitors PD98059 (25 M, PD) and U0126 (10 M, U0) and by the p38 inhibitor SB203580 (25 M, SB) (X).
Netrin-1 and Sema3A increase the relative incorporation as a percentage of control TCA-precipitated 3 H-leucine compared to unstimulated
controls in isolated growth cones, which is inhibited by p42/p44 inhibitors (Y). Netrin-1-induced TCA-precipitated 3 H-leucine incorporation is
also blocked by inhibition of p38 (Y). *p  0.05, **p  0.01; Student’s t test (F, Q, and Y). Error bars represent standard error of the mean.
Scale bars, 10 m.
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Figure 2. Netrin-1- and Sema3A-Induced Chemotropic Responses Are Blocked by MAPK Inhibitors
Stage 24 retinal growth cones on 1 g/ml fibronectin are attracted by a gradient of netrin-1 over 1 hr (data from Campbell and Holt, 2001)
(A, B, and E). p42/p44 inhibitors PD and U0 and the p38 inhibitor SB block netrin-1-induced growth cone attraction (C–E). Superimposed
neurite trajectories with netrin-1 in the pipette and in the presence of U0 (C) and SB (D). MAPK inhibitor-treated conditions are significantly
different from netrin-1 (*p  0.05) but not from PBS control (E). Sema3A induces collapse of stage 35/36 retinal growth cones in 10 min (F
and G), which is inhibited by PD and U0 but not by SB (H–K). A gradient of Sema3A causes repulsive turning of stage 32 growth cones over
1 hr (data from Campbell and Holt, 2001) (L, M, and P). Sema3A-induced repulsive turning is significantly blocked by p42/p44 but not by p38
inhibitors (M–P). p42/p44 inhibitor-treated conditions are significantly different from Sema3A (*p 0.05) but not from controls (P). Superimposed
neurite trajectory plots with Sema3A in the pipette and in the presence of U0 and SB (N and O). The position of the growth cone at 0 min is
at the intersection of the x and y axes, positive turning angles to the right and negative angles to the left. Pipette position is indicated by an
arrow (A, B, L, and M). *p  0.05; Kolmogorov-Smirnov test (E and P); *p  0.02; Mann-Whitney U test (K). Error bars represent standard error
of the mean. Scale bars, 10 m.
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Table 2. Netrin-1-Induced Growth Cone Collapse Is Prevented by Inhibitors of Protein Synthesis, p42/p44 and p38 Inhibitors
None Aniso Cyclo PD U0 SB
Netrin-1 75  2 45  5* 38  3* 45  4* 45  4* 44  4*
Control 34  1 35  4 37  7 42  5 46  5 41  3
*p  0.02 compared to no inhibitor; Mann-Whitney U test. Values are presented as percentage of growth cone collapse  standard error of
the mean.
induced phosphorylation of eIF-4E, eIF-4EBP1, and prevented by p42/p44 and p38 inhibitors, we decided
to investigate whether there was any interaction be-Mnk-1 in growth cones (Table 1). In addition, the p38
inhibitor SB203580 blocked netrin-1-induced phosphor- tween the two pathways in mediating chemotropic re-
sponses. Using the growth cone collapse assay, weylation of eIF-4E and Mnk-1 (Table 1), suggesting a
mechanism through which p42/p44 and p38 regulate found that reducing the concentration of either PD98059
or SB20350 to 5 M when applied alone resulted innetrin-1- and Sema3A-induced translation.
a significant reduction but not prevention of netrin-1-
induced growth cone collapse (Table 3). However, whenNetrin-1-Induced Attractive Turning and Growth
Cone Collapse Are Prevented by Inhibition 5 M PD98059 and SB203580 were added together we
observed a further significant reduction in netrin-1-of p42/p44 and p38
Next we tested the role of the MAPK signaling pathways induced growth cone collapse compared to netrin-1
alone or netrin-1 with 5 M of either inhibitor (Table 3).in growth cone guidance by the use of two in vitro
assays, collapse (Luo et al., 1993) and chemotropic turn- When the concentrations of PD98059 and SB203580
were reduced to a subthreshold level (2.5 M) and ap-ing (Lohof et al., 1992). Retinal growth cones from young
(stage 24) eye explants positioned at a distance of 100 plied separately or together, they did not reduce netrin-
1-induced growth cone collapse (Table 3). These resultsm and at an angle of 45 from a micropipette ejecting
netrin-1 were attracted toward the gradient of netrin-1 suggest that the p42/p44 and p38 pathways might coop-
erate in mediating netrin-1-induced growth cone col-in a protein synthesis-dependent manner (mean turning
angle 12) (Campbell and Holt, 2001; de la Torre et al., lapse via separate pathways.
1997; Ho¨pker et al., 1999) (Figures 2A, 2B, and 2E). When
the p42/p44 inhibitors PD98059 or U0126 or the p38 Sema3A-Induced Chemotropic Responses
of Retinal Growth Cones Are Blockedinhibitor SB203580 were added immediately prior to the
application of netrin-1 from a micropipette, attractive by Inhibition of p42/p44, not p38
Do the MAPK pathways play roles in mediating growthturning was abolished, and the growth cones advanced
with no significant directional bias, demonstrating that cone responses to other repellent cues? Stage 35/36
Xenopus retinal growth cones collapse rapidly to formnetrin-1-induced attraction involves both the p42/p44
and p38 pathways (Figures 2C–2E). Neither the p42/p44 a needle-shaped tip, after the application of Sema3A to
the culture medium. Maximal collapse (75%–80%) isnor the p38 inhibitors had a significant effect on neurite
length in the 1 hr turning assay period (mean neurite reached after 10 min (Campbell and Holt, 2001; Camp-
bell et al., 2001) (Figures 2F, 2G, and 2K). The additionlengths: controls, 24  10 m; PD98059, 20  4 m;
U0126, 24  2 m; SB203580, 21  2 m; p  0.1, of the p42/p44 inhibitors PD98059 and U0126 to the
bathing medium 30 s prior to the addition of Sema3AStudent’s t test), providing no indication that the inhibi-
tors interfere with extension rate. essentially prevented growth cone collapse (Figures 2H,
2I, and 2K). In contrast, the p38 inhibitor SB203580 didIn addition to its ability to induce attractive or repulsive
growth cone turning, netrin-1 induces collapse in old not affect Sema3A-induced retinal growth cone collapse
(Figures 2J and 2K).(stage 37/38) Xenopus retinal growth cones (75% 2%)
in 10 min compared to control treated growth cones Like Xenopus spinal neurons (Song et al., 1998), stage
32 retinal growth cones typically exhibit negative turning(34%  12%; p  0.02, Mann-Whitney U test) (Table 2)
(Shewan et al., 2002). This collapse response provides angles (18) in chemotropic turning assays, indicative
of a strong repulsion to Sema3A (Campbell and Holt,a rapid chemotropic assay and enables us to assess
the netrin-1 signaling pathway(s) over a 10 min timescale 2001; Campbell et al., 2001) (Figures 2L, 2M, and 2P).
By contrast, in the presence of p42/p44 inhibitors butrather than the 1 hr timescale of the turning assay. The
addition of the p42/p44 inhibitors PD098059 or U0126 not p38 inhibitors, repulsive turning is abolished. The
growth cones advance with no directional bias (Figuresor the p38 inhibitor SB203580 or the protein synthesis
inhibitors anisomycin (Kang and Schuman, 1996) and 2N–2P). These results indicate that Sema3A-and netrin-
1-induced growth cone collapse and turning require thecycloheximide (Obrig et al., 1971) to the bathing medium
prior to the addition of netrin-1 prevented growth cone p42/p44 pathway.
collapse. These results indicate that netrin-1 induces
rapid growth cone collapse, which, like Sema3A-induced LPA-Induced Retinal Growth Cone Collapse
Is Blocked by Inhibition of p38,growth cone collapse, requires protein synthesis and
p42/p44 activity, and additionally that netrin-1-induced not p42/p44, MAPK
L-	-lysophosphatidic acid, another collapsing reagent,collapse, like attractive turning, requires p38 activity.
Since netrin-1 activates both p42/p44 and p38 and induces retinal growth cone collapse (80%–85%)
through a pathway that involves proteasomal degrada-netrin-1-induced growth cone collapse and turning are
Neuron
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Table 3. Netrin-1-Induced Growth Cone Collapse in the Presence of Combinations of p42/p44 and p38 Inhibitors
None 5 M PD 5 M SB 5 M PD  SB 2.5 M PD 2.5 M SB 2.5 M PD  SB
Netrin-1 75  3 62  1* 63  1* 43  4* 78  1 74  3 78  3
Control 27  5 37  5 34  2 34  1 39  3 35  4 36  5
*p  0.02 compared to no inhibitor; Mann-Whitney U test. Values are presented as percentage of growth cone collapse  standard error of
the mean.
tion and is independent of protein synthesis (Campbell Caspase-3 Is Cleaved in Response to Netrin-1
and LPA and Acts Downstream of p38and Holt, 2001) (Figures 3A, 3B, and 3F). Unlike Sema3A,
and Proteasome-Mediated ProteolysisLPA-induced collapse is unaffected by PD98059 and
Our data demonstrate that netrin-1 and LPA induce theU0126 (Figures 3C, 3D, and 3F) but is prevented by
rapid activation of p38 in retinal growth cones (FiguresSB203580 (Figures 3E and 3F), indicating that p38 activ-
1R–1W) and that inhibition of p38 prevents the chemo-ity is required for LPA-induced retinal growth cone col-
tropic responses induced by these two cues in isolatedlapse.
retinal growth cones (Figures 2C–2E, 3A–3F, 4A, 4C, and
4E). The p38 pathway, as well as the p42/p44 pathway,
Chemotropic Responses of Isolated Growth is able to regulate translation (Gingras et al., 1999). How-
Cones Are Blocked by Inhibition of MAPKs ever, LPA-induced growth cone collapse is independent
Since growth cone guidance can be under local control of protein synthesis (Campbell and Holt, 2001), indicat-
in vivo (Harris et al., 1987) and in vitro (Campbell and ing that, in addition to its role in the regulation of netrin-
Holt, 2001; Ming et al., 2002), we tested whether local 1-induced protein synthesis, p38 regulates growth cone
activity of the p42/p44 and p38 pathways are involved guidance via one or more different pathways.
in mediating chemotropic responses of growth cones. What are the downstream targets of the p38 signaling
Netrin-1 induces repulsive turning of retinal growth cones pathway in retinal growth cones? Deleted in colorectal
isolated from their cell bodies grown on laminin as a cancer (DCC), the netrin-1 receptor, LPA, and Sema3A
substrate (Campbell and Holt, 2001; Figure 4A). This are all able to induce apoptosis via caspase activation
turning response is abolished in the presence of both (Forcet et al., 2001; Shirvan et al., 1999; Steiner et al.,
p38 and p42/44 MAPK inhibitors (Figures 4A–4C). The 2000). Caspase targets include actin and actin binding
collapse responses of severed growth cones similarly proteins (Mashima et al., 1999), suggesting a possible
parallel those of intact neurons: Sema3A collapse is mechanism by which caspases could mediate chemo-
blocked by p42/44, not p38, inhibitors, whereas LPA tropic responses of growth cones. Significantly, caspases
collapse is prevented by p38, not p42/44, inhibitors (Fig- can act downstream of p38 (Harada and Sugimoto, 1999);
ures 4D and 4E). This demonstrates that local MAPK therefore, we next examined whether caspases are
function is needed for chemotropic responses of growth present in growth cones and whether they are activated
in response to chemotropic cues.cones.
Figure 3. Inhibition of p38 Prevents LPA-
Induced Growth Cone Collapse
LPA (1 M) induces retinal growth cone col-
lapse in 10 min (A, B, and F). LPA collapses
growth cones in the presence of p42/p44 in-
hibitors (C, D, and F), which is blocked by the
presence of a p38 inhibitor (E and F). *p 
0.02; Mann-Whitney U test. Error bars repre-
sent standard error of the mean. Scale bar,
10 m.
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Figure 4. Collapse and Chemotropic Turning
in Isolated Growth Cones Is Prevented in the
Presence of MAPK Inhibitors
Somaless 6 hr stage 24 growth cones cul-
tured on laminin are repelled by a gradient of
netrin-1 over 1 hr (data from Campbell and
Holt, 2001) (A). p42/p44 and p38 inhibitors
prevent netrin-1-induced repulsion of iso-
lated growth cones (A–C). MAPK inhibitor-
treated conditions are significantly different
from netrin-1 only (*p  0.05) but not from
PBS control ([A]; Kolmogorov-Smirnov test).
Superimposed neurite trajectories with ne-
trin-1 in the pipette and in the presence of U0
(B) and SB (C). p42/p44 but not p38 inhibitors
inhibit Sema3A-induced collapse of 24 hr
stage 35/36 isolated growth cones (D). p38 but
not p42/p44 inhibitors prevent LPA-induced
collapse of 24 hr stage 35/36 isolated growth
cones (E). *p  0.02; Mann-Whitney U test (D
and E). Error bars represent standard error of
the mean.
Using an antibody which specifically recognizes the can be regulated by proteasome-mediated proteolysis
(Canu et al., 2000), we asked whether caspase-3 activa-cleaved form of caspase-3 (Active caspase-3), an ef-
fector caspase, we found that a cleaved caspase is tion was sensitive to proteasome inhibitors. Application
of the proteasome inhibitors lactacystin (Lac) (Fenteanypresent in retinal growth cones and that netrin-1 and
LPA but not Sema3A treatment resulted in a rapid (5 min) et al., 1995) and N-Acetyl-Leu-Leu-NorLeu-Al (LnLL)
(Pagano et al., 1995) but not the noncaspase cysteine2- to 3-fold rise in mean immunofluorescence intensity
levels in growth cones compared to controls (Figures protease inhibitor L-trans-Epoxysuccinyl-leucylam-
ido(4-guanidino)butane (E64) (Barrett et al., 1982) imme-5A, 5B, 5D, 5G, and 5I). The increase in active caspase-3
signal in growth cones was blocked by the p38 inhibitor diately prior to netrin-1 or LPA application effectively
blocked the rise in active caspase-3 signal in responseSB203580 (Figures 5C, 5F, and 5I) and also by preincu-
bation with purified active caspase-3 protein (Figure 5E) to netrin-1 and LPA (Figure 5J).
Finally, we tested whether chemotropic responses ofbut not by the p42/p44 inhibitors PD98059 and U0126
(data not shown). Next we examined the ability of retinal growth cones require caspase activity. LPA-
induced collapse and netrin-1-induced growth cone at-netrin-1 and LPA to stimulate the cleavage of the cas-
pase-3 substrate poly-ADP ribose polymerase (PARP), traction were blocked by the general caspase inhibitor
caspase inhibitor-3 (Figures 6A–6C, 6F, and 6G) and bywhich plays a role in apoptosis (Ha and Snyder, 2000).
Using an antibody which specifically recognizes the cas- the peptide inhibitor of caspase-3 (Figures 6D, 6F, and
6G) but not by an inhibitor of caspase-9 (Figures 6E–6G).pase-3-cleaved p85 fragment of PARP (O’Brien et al.,
2001), we found that netrin-1 and LPA stimulated approxi- In contrast, Sema3A-induced collapse was unaffected by
all three caspase inhibitors (Figures 6I–6N), and Sema3A-mately a 2-fold increase in cleaved PARP in growth
cones in 5 min compared to controls (netrin-1, 191%  induced repulsion was not significantly affected by cas-
pase inhibitor 3 (Figure 6H). Together, these results dem-22%; LPA, 203% 2%; p 0.01, Student’s t test). Next,
we tested whether the application of cell-permeable onstrate that caspase-3 is present in growth cones and
is activated by netrin-1 and LPA in a p38- and protea-peptides which act as inhibitors of specific caspases
(Ekert et al., 1999) affected PARP cleavage. Netrin-1- some-dependent manner and that caspase-3 activity is
required for collapse and chemotropic turning.and LPA-induced PARP cleavage was blocked by the
general caspase inhibitor (caspase inhibitor 3) (D’Mello
et al., 1998) (65%  1% and 95.5%  13% compared Discussion
to controls; p  0.1, Student’s t test) and by an inhibitor
of caspase-3 (caspase-3 inhibitor 4) (Hirata et al., 1998) The role of the MAPK and caspase pathways in retinal
growth cones was investigated in relation to three differ-(80%  13% and 85.7%  50% compared to controls;
p 0.1, Student’s t test) but not by the peptide inhibitor ent chemotropic signals: netrin-1, Sema3A, and LPA.
Netrin-1 rapidly activates both p38 and p42/p44 andof caspase-9 (caspase-9 inhibitor 2) (Park et al., 2002)
(184%  42% and 190%  72% compared to controls; requires their function to elicit protein synthesis and
chemotropic responses, whereas Sema3A requires p42/p  0.05, Student’s t test).
Since the chemotropic responses induced by netrin-1 p44 but not p38 to induce these responses. LPA requires
p38 but not p42/44. Both netrin-1 and LPA require localand LPA require caspase-3 and since caspase-3 activity
Neuron
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reported that inhibition of this MAPK does not com-
pletely prevent the acute turning response unless the
inhibitors are present for 60 min prior to assaying (Ming
et al., 2002). It was suggested in the latter study that the
primary role of p42/p44 is in the resensitization phase of
the adaptation response to netrin-1, which occurs over
a prolonged period (90 min), rather than in the initial
turning response (Ming et al., 2002). Here we have inves-
tigated the role of the MAPKs in mediating short-term
collapse in addition to turning. Experiments to date indi-
cate that collapse and turning are mediated by the same
mechanisms; the difference in behavior simply reflects
the global versus unilateral presentation of the guidance
cue. Collapse dynamics are fast—retinal growth cones
begin to collapse 2 min after the addition of Sema3A and
reach maximum levels of collapse in 10 min (Campbell et
al., 2001). Our observation that netrin-1- and Sema3A-
induced collapse are blocked by p42/p44 inhibitors and
by protein synthesis inhibitors suggests that protein
synthesis and MAPK activity mediate rapid chemotropic
responses and further supports a role for MAPK-depen-
dent protein synthesis in the initial response to a chemo-
tropic cue. This is consistent with the finding that peak
p42/p44 activity is reached 5–15 min after netrin-1 stimu-
lation and falls off by 30 min (Forcet et al., 2002; Ming
et al., 2002). Our findings also suggest that netrin-1- and
Sema3A-induced short-term collapse and long-term
turning are mediated by the same pathways. However,
it remains to be established whether netrin-1-induced
collapse requires caspase-3 activation.
We also observed a rapid activation of the p38 path-
way in response to netrin-1. This pathway is commonly
associated with cellular responses to “stress” and has
not previously been linked to axon growth and guidance.
Previously it has been reported that netrin-1 does not
lead to activation of p38 (Forcet et al., 2002). The differ-
ence in the results may be due to the different cell types
used in the two studies—a mammalian non-neuronal
cell line compared to Xenopus retinal growth cones.
Netrin-1 signaling has been found to differ depending
on the cell type studied. For example, the adenosine 2b
receptor (Corset et al., 2000) was found to be involved
Figure 5. Netrin-1 and LPA Activate Caspase-3 in Growth Cones
in netrin-1-induced turning in Xenopus retinal growth
Netrin-1 and LPA induce rapid activation of caspase-3 in growth
cones (Shewan et al., 2002) but not in spinal neuronscones (Active caspase-3) compared to unstimulated control treat-
(Stein et al., 2001). Interestingly, brain-derived neuro-ments (A, B, D, and I). Netrin-1- and LPA-induced caspase-3 activa-
trophic factor (BDNF), which shares similar intracellulartion are blocked by an inhibitor of p38 (C, F, and I). Sema3A slightly
but significantly decreases caspase-3 activity (I). The labeling in the signaling pathways to netrin-1 (Song and Poo, 1999),
growth cones was blocked by preincubation of active caspase-3 activates both p42/p44 and p38 and induces long-term
protein with the antibody (E). Netrin-1- and LPA-induced caspase-3 potentiation by a mechanism involving selective mRNA
activation are also blocked by the proteasome inhibitors lactacystin transport and translation (Ying et al., 2002). Thus, the
(10 M Lac) and LnLL (50 m LnLL) but not by the cysteine protease
involvement of the MAPK pathways provides a furtherinhibitor E64 (50 M E64) (J). Vertical axes in (I) and (J) represent
parallel between the mechanisms of growth cone guid-fluorescence intensity of treated growth cones as a percentage of
ance and synaptic plasticity (Bolshakov et al., 2000; Diuntreated growth cones. *p 0.05; Student’s t test. Error bars represent
standard error of the mean. Scale bar, 10 m. Cristo et al., 2001), in addition to the shared requirement
for local protein synthesis and degradation.
Our data show that netrin-1- and Sema3A-induced
caspase-3 activity, suggesting a new role for the apo- protein synthesis are prevented by inhibition of p42/p44
ptotic pathway in mediating growth cone responses and that, in addition, netrin-1-induced protein synthesis
(summary diagram, Figure 7). requires p38. We have also examined possible interac-
In agreement with a recent study on Xenopus spinal tions between the p42/p44 and p38 pathways in mediat-
growth cones (Forcet et al., 2002), our results show that ing netrin-1-induced growth cone collapse, and our re-
p42/p44 is involved in the initial turning response of sults are in line with both pathways acting synergistically
growth cones in a netrin-1 gradient. This is somewhat in mediating the collapse response. Since these experi-
ments rely on the use of pharmacological agents, it isat odds with a study on Xenopus spinal neurons which
MAPKs and Caspases in Growth Cone Guidance
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Figure 6. Inhibition of Caspase-3 Prevents Netrin-1 and LPA-Induced Chemotropic Responses of Retinal Growth Cones
LPA-induced collapse and netrin-1-induced growth cone attraction (data from Campbell and Holt, 2001) are blocked by a general caspase
inhibitor (caspase inhibitor 3 [CI3]), an inhibitor of caspase-3 (caspase-3 inhibitor 4 [C3 I4]) but not by an inhibitor of caspase-9 (caspase-9
inhibitor 2 [C9 I2]) (A–G). Sema3A-induced growth cone repulsion (data from Campbell and Holt, 2001) and collapse are unaffected by caspase
inhibitors (H–N). *p  0.02; Mann Whitney U test (F and N); Kolmogorov-Smirnov test (G and H). Error bars represent standard error of the
mean. Scale bars, 10 m.
conceivable that some effects are due to inhibition of Sema3A (Campbell and Holt, 2001), and our present
results show that their phosphorylation is differentiallymore than one MAPK. However, we view this as unlikely,
since a third key MAPK pathway, JNK/SAPK, is not acti- affected by p42/p44 and p38. The p42/p44 and p38
pathways converge on the kinase Mnk-1 to regulate trans-vated in response to netrin-1, Sema3A, or LPA (data
not shown). Nonetheless, it will be important to confirm lation (Pyronnet et al., 1999; Waskiewicz et al., 1999), and
we have shown that both netrin-1 and Sema3A treat-these findings in the future with genetic approaches.
Both MAPK pathways can regulate translation via the ment leads to the rapid phosphorylation of Mnk-1, which
is differentially blocked by p42/p44 and p38 inhibitors.phosphorylation of the translational repressor eIF-4EBP1
and via the translational activator eIF-4E (Gingras et al., These data provide fresh insight into how translation
can be regulated in growth cones and axons via the1999; Herbert et al., 2002). Both eIF-4EBP1 and eIF-4E
are phosphorylated rapidly in response to netrin-1 and MAPK pathways. Other pathways, such as the phospha-
Neuron
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pases in growth cones and identify caspase-3 as a po-
tential target of p38 signaling for mediating both netrin-
1-induced turning and LPA-induced growth cone col-
lapse. This suggests that, in addition to their roles in
apoptosis, caspase-induced protein degradation may
play a role in growth cone guidance. Previous studies by
Mehlen and colleagues have identified DCC in regulating
cell survival via the activation of caspase-3 by cas-
pase-9 in the absence of netrin-1 in human embryonic
kidney 293T cells (Forcet et al., 2001; Mehlen et al.,
1998). Our results, by contrast, indicate that in Xenopus
retinal growth cones, netrin-1 and LPA induce the rapid
activation of caspase-3 independent of caspase-9 via
the MAPK- and proteasome-mediated proteolysis path-
ways. The activation of caspase-3 in the confined cellu-
lar compartment of the growth cone might not lead to
activation of the full apoptotic cascade and cell death
but rather to transient, localized changes in specific
proteins. The p42/p44 and PI-3 kinase pathways identi-
fied in netrin-1 signaling (Campbell and Holt, 2001;
Forcet et al., 2002; Ming et al., 1999) are known to play
roles in mediating cell survival (Datta et al., 1999; Parri-
zas et al., 1997; Xia et al., 1995) and may ensure tight
regulation of caspase activity in the growth cone. Re-
cently, a role has been identified for caspases in synap-Figure 7. Summary of Pathways Involved in Chemotropic Re-
sponses to Three Different Guidance Cues tic plasticity independent of their roles in cell death (Gil-
man and Mattson, 2002).The diagram is limited to the pathways identified in the present and
previous (Campbell and Holt, 2001) studies on retinal growth cones. Since caspases are proteases, a key question is what
p42/p44 and p38 have many potential targets in growth cones, and are the proteins they degrade? Candidate proteins in-
it is likely that they regulate guidance cue-induced chemotropic clude known caspase substrates, such as actin, actin
responses via additional pathways that are not represented here.
binding proteins, and signal transduction pathway com-The position of proteasome function with respect to the p42/p44
ponents (Earnshaw et al., 1999). For example, gelsolin,and p38 pathways has not been determined, and we cannot exclude
an actin severing protein, is present in growth conesa role for proteasome-mediated proteolysis independent of cas-
pase-3 activation (gray arrow). (Tanaka et al., 1993) and is activated by caspase-3-
mediated cleavage (Kothakota et al., 1997). We have
demonstrated that netrin-1 and LPA stimulate the rapid
tidyl inositol-3 (PI-3) kinase and the target of rapamycin
caspase-3-dependent cleavage of PARP. In addition to
(TOR) pathways, both of which regulate netrin-1- and
its role in maintaining genomic stability, PARP is able
Sema3A-induced protein synthesis (Campbell and Holt,
to interact with and activate proteasome-mediated pro-
2001), may also regulate translation via eIF-4EBP1 and teolysis (Ullrich et al., 1999). Cleavage of PARP may
eIF-4E (Sonenberg and Gingras, 1998). inactivate itself (D’Amours et al., 2001), providing a pos-
Since the MAPKs have many potential targets in neu- sible mechanism by which proteasome-mediated prote-
rons (Grewal et al., 1999), it is likely that they mediate olysis may be regulated in the case of netrin-1 and LPA.
chemotropic responses by coordinately regulating addi- The netrin-1 receptor DCC is itself a substrate of cas-
tional pathways that are translation independent. pase-3 (Mehlen et al., 1998), and caspase-mediated
Growth cone responses to guidance cues are depen- cleavage of DCC may potentially be involved in mediat-
dent on the level of cyclic nucleotide signaling in the ing netrin-1-induced chemotropic responses. During
growth cone (Song et al., 1998). The cAMP-dependent apoptosis, caspase-3 is also able to cleave eukaryotic
cues netrin-1, LPA, and BDNF require ubiquitin-medi- initiation factor 4G (eIF-4G), a crucial protein required
ated proteolysis via the proteasome for inducing chemo- for binding cellular mRNA to ribosomes (Clemens et al.,
tropic responses. p42/p44 has been shown to phos- 1998; Marissen and Lloyd, 1998). This may decrease the
phorylate the inducible cAMP repressor protein and to rate of translation and provide a possible mechanism
target it for ubiquitin-mediated degradation (Yehia et al., for negative regulation of netrin-1-stimulated protein
2001). In Dictyostelium, cell type differentiation can be synthesis in growth cones. Since the chemotropic re-
controlled by ERK-2-induced ubiquitin-mediated degra- sponses of growth cones elicited by netrin-1 and LPA
dation of cAMP-dependent protein kinase (cAMP-PKA) are essentially blocked by inhibition of caspase-3, it is
(Mohanty et al., 2001), suggesting the possibility that likely that of the caspases, caspase-3 plays a major role
the MAPK pathways could potentially regulate guidance in these processes. However, the role of other caspases
factor-induced protein degradation. Guidance cue- in mediating chemotropic responses of growth cones
induced MAPK activation may lead to the phosphoryla- remains to be established.
tion of targets such as microtubule associated proteins The ubiquitin-proteasome system is critically involved
(MAPs) (Gundersen and Cook, 1999) that may be needed in apoptosis (Jesenberger and Jentsch, 2002; Wojcik,
for growth cone turning. 2002) and in mediating chemotropic responses of
growth cones. In neuronal cells, proteasome inhibitorsOur data provide evidence for the presence of cas-
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with netrin-1, eye primordia from stage 24 embryos were culturedprotect against apoptosis by acting upstream of cas-
for 16–26 hr on coverslips coated with 100 g/ml poly-L-lysinepase activation (Canu et al., 2000). Our results have
(Sigma) and 1 g/ml fibronectin (Sigma) or for 6–12 hr coated withrevealed a parallel in retinal growth cones where the
10g/ml poly-L-lysine (Sigma) and 10g/ml laminin (Sigma) at room
activation or cleavage of caspase-3 in response to ne- temperature prior to assaying. For turning assays with Sema3A, eye
trin-1 and LPA requires proteasome function, sug- primordia from stage 32 embryos were plated on coverslips coated
with 10 g/ml poly-L-lysine (Sigma) and 5 g/ml laminin and growngesting that caspase-mediated protein degradation lies
for 16–26 hr at room temperature prior to assaying (Campbell anddownstream of proteasome/ubiquitin-mediated proteol-
Holt, 2001; Campbell et al., 2001). The number of growth conesysis. Candidate proteins to undergo proteasome/ubiqui-
assayed in each condition was between 16 and 36. Since retinaltin-mediated proteolysis include the inhibitor of apopto-
neurites have been shown to grow with a clockwise tendency (Hea-
sis (IAP) family of proteins, degradation of which can cock and Agranoff, 1977), turning assays were carried out with equal
result in caspase activation (Salvesen and Duckett, numbers of growth cones positioned at 45 “up” and “down” to the
micropipette to remove possible bias in turning angles. The data2002). IAPs can also target caspase-3 itself for protea-
are presented as mean turning angles standard error of the mean.some/ubiquitin-mediated proteolysis (Suzuki et al., 2001),
suggesting a possible mechanism for the transient and
Pharmacological Agentslocalized nature of caspase-3 activation in growth cones.
The following pharmacological agents were bath applied to culturesWe have shown that two MAPK pathways are key
immediately prior to the application of Sema3A, netrin-1, or LPA inregulators of netrin-1- and Sema3A-induced protein
the collapse, quantitative immunohistochemistry, and 3 H incorpora-
synthesis and that there is a role for caspase-3 down- tion assays: 2.5, 5, or 25 M PD98059 (Calbiochem), which inhibit
stream of p38 and proteasome-mediated proteolysis in MEK1 and MEK2; 10 M U0126 (Calbiochem), which inhibit MEK1
and MEK2; 2.5, 5, or 25 M SB203580 (Calbiochem), which inhibitsgrowth cone guidance in vitro. The involvement of these
p38; 40 M anisomycin (Sigma), which inhibits the peptidyltransfer-kinases and proteases in this process is reminiscent of
ase activity on the ribosome; 25 M cycloheximide (Sigma), whichtheir involvement in regulating protein turnover during
inhibits the translocation reaction on ribosomes; 50 M N-Acetyl-synaptic plasticity (Ying et al., 2002; Gilman and Matt-
Leu-Leu-NorLeu-Al (LnLL) (Sigma), a proteasome inhibitor; 10 M
son, 2002). These findings thus strengthen the link be- Lactacystin (Calbiochem), a specific inhibitor of the proteasome; 50
tween these biological processes, and it is tempting to M L-trans-Epoxysuccinyl-leucylamido(4-guanidino)butane (E64)
(Sigma), a noncaspase cysteine protease inhibitor; 25 M Caspasespeculate that synaptic weakening and strengthening
inhibitor 3 (CI3; Boc-D-FMK; Calbiochem), a general caspase inhibi-that involves local protein regulation may be akin to
tor; 20 M Caspase-3 inhibitor 4 (C3 I4; Ac-DMQD-CHO; Calbio-repulsive and attractive turning. Thus, the identification
chem), which inhibits caspase-3; and 25 M Caspase-9 inhibitor 2of the proteins that are synthesized/degraded and of
(C9 I2; LEHD-CHO; Calbiochem), which inhibits caspase-9.
further regulators of these pathways will not only lead
to a more comprehensive understanding of how these
Antibodies and Digital Quantitation of Fluorescence Intensity
processes contribute toward mediating chemotropic re- Phosphorylated p42/p44 (p42/p44-P) and total p42/p44 (p42/p44-
sponses but may also contribute to the signaling path- Total) were detected in growth cones using the anti-phospho-p42/
p44 (Thr 292/ Tyr 204) (Cell Signaling Technology) (Yang et al., 2001)ways that control local protein turnover in other neural
and anti-ERK-1/2 antibodies (Promega). Thr 180/Tyr 182 phosphory-contexts.
lated p38 (p38-P) and total p38 (p38-Total) were detected in growth
cones using anti-phospho-p38 (Thr 180/Tyr 182) 28B10 and anti-Experimental Procedures
p38 antibodies (Cell Signaling Technology). The labeling observed
with the antibodies was blocked with their respective peptides (giftsXenopus Embryos
from Cell Signaling Technology). Ser 65 phosphorylated eIF-4EBP1Xenopus laevis embryos were obtained by in vitro fertilization as
was detected using an anti-phospho-4EBP1 (Ser 65) antibody (eIF-previously described (Cornel and Holt, 1992), raised in 0.1
Modified
4EBP1-P) (Cell Signaling Technology). Ser 209 phosphorylated eIF-Barth’s Saline (MBS) from 14C to 25C, and staged according to
4E was detected using an anti-Xenopus phospho-eIF-4E (Ser 209)Nieuwkoop and Faber (1967).
(eIF-4E-P) (a gift from S. Morley). Phosphorylated Mnk-1 was de-
tected in growth cones with an anti-phospho-Mnk-1 (Thr 197/202)
Retinal Cultures and Collapse Assays antibody (Mnk-1-P), and the labeling was blocked by preincubation
Eye primordia from stage 24, 32, and 35/36 embryos were cultured with a phospho-Mnk-1 peptide, both gifts from Cell Signaling Tech-
as described previously (de la Torre et al., 1997). Cultures for col- nology. Active caspase-3 was detected in growth cones using an
lapse assays were grown for 24 hr at room temperature on glass anti-ACTIVE caspase-3 antibody (Promega), and the labeling ob-
coverslips precoated with 10g/ml poly-L-lysine (Sigma) and 10g/ served was blocked by preincubation with purified active caspase-
ml laminin (Sigma). Collapse assays were performed as described 3d protein (Calbiochem). Cleaved poly-ADP ribose polymerase
(Campbell and Holt, 2001; Campbell et al., 2001); Sema3A containing (PARP) was detected using an anti-PARP p85 fragment antibody
COS-7 cell or control supernatant (Ohta et al., 1999) (plasmids were (Promega). Cultures were treated with 0.5 CU Sema3A, 300 ng/ml
gifts from K. Ohta) or 1 M L-	-Lysophosphatidic acid (LPA, Sigma) netrin-1, or 1 M LPA for 5 min prior to fixation, and the pharmaco-
or 300 ng/ml netrin-1 (a gift from M. Tessier-Lavigne) or control were logical agents were added immediately prior to the addition of
added to each culture for 10 min at room temperature. For collapse netrin-1, Sema3A, and LPA.
assays, supernatant containing 0.5 collapsing units (CU) (Luo et al., Growth cones were viewed on a Nikon inverted fluorescence mi-
1993) of Sema3A was used, which corresponds to approximately croscope with a 100
 Plan Apo objective. For quantitation, growth
75% collapse of retinal growth cones from stage 35/36 embryonic cones were randomly selected with phase optics at 100
, and im-
retina cultured for 24 hr. Values are presented as percent collapse ages were captured with a Quantix camera (Photometrics), and
standard error of the mean from a minimum of four independent the outline was traced digitally using IP Lab Spectrum P Software
experiments. (Scanalytics Inc). A fluorescent image of the same growth cone was
then captured, and the amount of fluorescence within the area of the
growth cone was calculated digitally, giving the mean fluorescenceGrowth Cone Turning Assays
Stable gradients of protein were formed by pulsatile ejection of intensity per unit area. The mean level of background fluorescence
of four adjacent areas were similarly calculated and subtracted fromSema3A (1.9 CU), control supernatant, or netrin-1 (5 g/ml) (a gift
from M. Tessier-Lavigne), or phosphate buffered saline (PBS) as the growth cone value to give a final intensity measurement. The
fluorescence intensities were calculated for 30 to 40 growth conescontrol (de la Torre et al., 1997; Lohof et al., 1992). For turning assays
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for each condition. Each experiment was repeated at least three Campbell, D.S., and Holt, C.E. (2001). Chemotropic responses of
retinal growth cones mediated by rapid local protein synthesis andtimes, and the values were normalized against controls. Fluores-
cence intensities are presented as a percentage of treated growth degradation. Neuron 32, 1013–1026.
cones compared to untreated control growth cones  standard Campbell, D.S., Regan, A.G., Lopez, J.S., Tannahill, D., Harris, W.A.,
error of the mean (Campbell and Holt, 2001; Campbell et al., 2001; and Holt, C.E. (2001). Semaphorin 3A elicits stage-dependent col-
Ho¨pker et al., 1999). The data were analyzed by Student’s t test, lapse, turning, and branching in Xenopus retinal growth cones. J.
and the statistical significance was determined for the experimental Neurosci. 21, 8538–8547.
conditions compared to controls.
Canu, N., Barbato, C., Ciotti, M.T., Serafino, A., Dus, L., and Calis-
sano, P. (2000). Proteasome involvement and accumulation of ubi-
Measurement of Protein Synthesis in Isolated Growth Cones quitinated proteins in cerebellar granule neurons undergoing apo-
Protein synthesis in retinal cultures was detected by the incorpora- ptosis. J. Neurosci. 20, 589–599.
tion of L-[4,5-3 H]-Leucine (Amersham) in trichloroacetic acid (TCA)
Cara, D.C., Kaur, J., Forster, M., McCafferty, D.M., and Kubes, P.
precipitated proteins using scintillation counting (Campbell and
(2001). Role of p38 mitogen-activated protein kinase in chemokine-
Holt, 2001). Explant tissue was cut free from the neurites, and re-
induced emigration and chemotaxis in vivo. J. Immunol. 167, 6552–
moval of the coverslips with approximately the same numbers of
6558.
severed neurites attached were transferred into leucine-free me-
Chang, L., and Karin, M. (2001). Mammalian MAP kinase signallingdium and randomly assigned treatment with inhibitors (PD98059,
cascades. Nature 410, 37–40.U0126, and SB203580) for 5 min prior to the addition of L-[4,5-3 H]-
Leucine (specific activity 138 Ci/mmol). Sema3A, netrin-1, or LPA Clemens, M.J., Bushell, M., and Morley, S.J. (1998). Degradation of
eukaryotic polypeptide chain initiation factor (eIF) 4G in responsewere added immediately after addition of L-[4,5-3 H]-Leucine, and
10 min later, cultures were washed in leucine-containing medium to induction of apoptosis in human lymphoma cell lines. Oncogene
17, 2921–2931.(60% L15) (Gibco, Life Technologies) and fixed with 25% TCA for
30 min. Coverslips with TCA-fixed neurites attached were inserted Cornel, E., and Holt, C. (1992). Precocious pathfinding: retinal axons
singly into scintillation vials, and radioactivity was measured with a can navigate in an axonless brain. Neuron 9, 1001–1011.
scintillation counter. 3 H-Leucine incorporation was presented as
Corset, V., Nguyen-Ba-Charvet, K.T., Forcet, C., Moyse, E., Chedo-
counts per minute (CPM) or as a ratio of percentage of treated
tal, A., and Mehlen, P. (2000). Netrin-1-mediated axon outgrowth and
growth cones compared to untreated control growth cones  stan-
cAMP production requires interaction with adenosine A2b receptor.
dard error of the mean (Campbell and Holt, 2001).
Nature 407, 747–750.
Cuenda, A., Rouse, J., Doza, Y.N., Meier, R., Cohen, P., Gallagher,
Statistical Analysis
T.F., Young, P.R., and Lee, J.C. (1995). SB 203580 is a specific
Statistical analyses were carried out using the following tests: the
inhibitor of a MAP kinase homologue which is stimulated by cellular
Mann Whitney U test and Kolmogorov-Smirnov test for growth cone
stresses and interleukin-1. FEBS Lett. 364, 229–233.
collapse and turning assays, respectively, using the Stat View soft-
D’Amours, D., Sallmann, F.R., Dixit, V.M., and Poirier, G.G. (2001).ware package; and the Students t test for quantitative immunofluo-
Gain-of-function of poly(ADP-ribose) polymerase-1 upon cleavagerescence intensities and 3 H leucine incorporation assays, using Mi-
by apoptotic proteases: implications for apoptosis. J. Cell Sci. 114,crosoft Excel.
3771–3778.
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